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Fundamental Frequency (F0) and articulation are two factors of speech production that 
impact speech perception, and yet the potential interactions of these two factors are not well 
understood. Their relationship has potential theoretical as well as clinical implications. This 
Honors Project aims to better understand this relationship by examining changes in fundamental 
frequency (F0) and the acoustic vowel space as an index of articulatory behaviors with a within-
speaker approach. Specifically, F0 variations were examined in relation to the acoustic vowel 
space for 10 male native speakers of American English. Two sets of acoustic measures were 
made to evaluate F0 and vowel space characteristics. For F0 variation, F0 trajectories were 
generated for 20 randomly selected spans of speech (i.e., speech runs) per speaker, per task. To 
index articulation, the acoustic vowel space for each speaker was calculated from formant 
frequencies measured at the temporal midpoint of vowels /i/, /æ/, /ɑ/, and /u/. Motivated by the 
construct of sufficient contrast, which states that spectral distinction must be maintained for 
sufficient acoustic contrast [Diehl et. al., J. Phon. 24(2) 187-208 (1996)], the hypothesis of the 
present study was that variations in F0 would be accompanied by adjustments in formant 
frequencies necessary for maintaining distinction. This study used a within-speaker design to 
study variation as a means of adaptation within a given speech mechanism. To evaluate the two 
production factors, correlational and distributional analysis methods were used. Results and 
directions of continuing work are discussed within the framework of the acoustic theory of vowel 
production, and potential clinical implications for motor speech disorders and hearing technology 
are considered. 
Keywords: Speech acoustics, speech production, vowels, fundamental frequency, vowel space, 
American English  
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 Speech production requires a synergy of all subsystems in the speech mechanism to 
generate speech signals. These signals must be sufficient in order to be received and understood 
by a listener, or communication partner (e.g., Bradlow, Torretta, & Pisoni, 1996; Peterson & 
Barney, 1952; Picheny, Durlach, & Braida, 1985; Pisoni & Remez, 2004; Sussman & Tjaden 
2012). Speech production is first guided by steady breathing. The control within the lungs and 
the muscles surrounding them contribute to the proper amount of speech energy needed to 
communicate (e.g., Hixon, Weismer, & Hoit, 2014; Lee, Hustad, & Weismer, 2015). When air 
enters and leaves the lungs it travels through the vocal folds, which are brought together with 
proper tension during speech causing them to vibrate and ultimately creating sound (e.g., 
Simpson, 2009). Voice is the source of sound, and through the movements of the jaw, tongue, 
lips (i.e., articulators) that shape the vocal tract, different speech sounds are produced (Hixon et. 
al. 2014). All of the subsystems involved work together to generate the signals sent to the 
communication partner. 
The synergy required for speech involves the above discussed factors (i.e., breathing, 
voicing, articulation) that can interact and impact one another. The literature has suggested some 
ways in which these speech production factors may interact, however the patterns and 
relationships remain unclear. (e.g., Weirich & Simpson, 2013; Ferguson & Kewley-Port, 2007; 
Byrd, 1994; Sussman & Tjaden, 2012; Kuo, Sussman, & Tjaden 2014). For example, Weirich 
and Simpson (2013) studied average F0 and vowel spaces of female speakers to better 
understand the sex-specific differences in female vowel production. Specifically, they examined 
the potential effects of F0 on vowel formant frequencies in relation to sex differences. 
Additionally, they hypothesized that females with higher F0 would have corresponding larger 
vowel spaces for maintaining acoustic contrast. They demonstrated no correlation between F0 
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and vowel space, which may suggest additional factors also play important roles. An earlier 
study by Byrd (1994) addressed sex differences of factors involving reduced speech (e.g., less 
precise, more casual style of speech). Byrd (1994) reported that males tend to use vowels that are 
more centralized in the acoustic vowel space as compared to females. In the clear-speech 
literature, it has been shown that when speakers use clear-speech, a combination of acoustic 
variations occur. For example, studies have shown that speakers generally reduce speaking rate, 
increase vocal intensity, exaggerate (in different ways) acoustic characteristics of consonants and 
vowels, etc. (e.g., Ferguson & Kewley-Port, 2007; Picheny, Durlach, Braida, 1985; Lam, Tjaden, 
& Wilding, 2012). The potential interactions among speech production variables also have 
implications for perception and intelligibility. Speech intelligibility is defined in the literature as 
“the degree to which a speakers intended message can be recovered by the listener” (Kent, 
Weismer, Kent & Rosenbek, 1989; Weismer, 2008). It has been demonstrated that variability in 
speech intelligibility is associated with variability in the different subsystems of the speech 
mechanism (e.g., Bradlow et. al., 1996).  
One account of the interaction between F0 and spectral characteristics is the sufficient 
contrast hypothesis proposed by Diehl, Lindblom, Hoemeke, & Fahey, (1996). Diehl and 
colleagues addressed whether a listener’s ability to identify vowels would decrease when F0s 
were higher versus lower. They proposed that as F0 increases the distances between spectral 
peaks must be maintained otherwise identification would be reduced. Diehl and colleges (1996) 
tested this by artificially raising F0 and testing listener’s ability to identify one of two vowels (/ɪ/ 
and /ʊ/). Overall, they found that vowel identification varied as F0 was raised and it decreased, 
specifically, when frequencies were above 150 Hz. The sufficient contrast hypothesis provides 
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one approach to better understand the potential interactions among speech production 
characteristics, and this study has been motivated by it. 
The literature has demonstrated that F0 is susceptible to variability in different contexts. 
For example, it can vary across speaking styles and registers (e.g., Ferguson & Kewley-Port, 
2007; Lam et. al., 2012; Michel, 1968). In Michel’s (1968) study for example, F0 was 
susceptible to vary among speakers with vocal fry and harshness and it was found that mean F0 
could be used to differentiate between the two. Another study (Lien, Gattuccio & Stepp, 2014) 
analyzed relative fundamental frequency, an acoustic measure of F0 change, across different 
phonetic contexts of healthy speech. The contexts ranged from sentences that were considered 
“variable”, those with many different phonemes, to “uniform,” those with similar phonemes. 
Lien, et. al. (2014) showed that relative fundamental frequency was higher when speech was 
more variable.  
The other factor in the sufficient contrast hypothesis is associated with spectral 
characteristics in speech. In the acoustic theory of speech production, spectral characteristics can 
be understood as a reflection of aspects of articulatory behaviors (Hixon et. al., 2014). 
Consonants and vowels as unique speech sound categories both have unique spectral 
characteristics. The focus of this study is only on vowels in part because of the interest in F0, 
which requires the presence of voicing for examination. Variation of spectral characteristics of 
vowels in different contexts has been documented in the literature. One example of this is the 
study by Kuo & Weismer (2016), which evaluated vowel formant frequencies of healthy male 
speakers across different speaking tasks. Kuo & Weismer (2016) demonstrated that from clear-
speech to connected speech tasks vowel perimeters decreased, analogous to the conventional 
concept of vowel centralization. However, the patterns of cross-task changes were highly 
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variable across individuals. In another clear-speech study, Ferguson & Kewley-Port (2002) 
demonstrated across-task variation in vowel space sizes, with an increase associated with clear-
speech (see also Ferguson & Kewley-Port 2007). Related to this, Lam and colleagues (2012) 
found that acoustic adjustments made by speakers varied based on factors such as vowel 
production, speech timing, and vocal intensity under different instructions of clear-speech. 
Specifically, the over-enunciate condition had the largest acoustic change relative to the habitual 
condition (Lam, et. al., 2012).  
The current study was motivated by the sufficient contrast hypothesis (Diehl et al., 1996) 
and addressed the relationship between F0 and articulation by examining acoustic characteristics 
of speech produced by healthy male speakers. This study utilized different tasks to elicit 
opportunities for changes in the speech mechanism (Picheny et. al. 1985; Ferguson & Kewley-
Port, 2007). This study used three tasks: null, sentence and read. These tasks range from clear-
speech, the null task, to a habitual reading sentence task, to a structured connected speech task, 
the reading task. With the consideration of findings in the literature on sex differences and 
speech production (e.g., Simpson, 2009; Byrd, 1994), the current study focused only on males to 
eliminate the variable of sex differences. Within-speaker changes in F0 and vowel space across 
three speaking tasks were examined, which is a different approach compared to most studies that 
focused on across-speaker differences, or speaker group differences. In a within-speaker design 
patterns of variations are evaluated within a given speech mechanism. The emphasis is on how a 
given mechanism changes and adapts. 
The current study hypothesizes that changes in F0 within-speaker would be associated 
with accompanied changes in formant frequencies and, consequently, the vowel space. 
Specifically, the null task, which is based on clear-speech, is hypothesized to be associated with 
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greater F0 variation and larger vowel space size. For the sentence and reading task the hypothesis 
was that depending on the direction of F0 changes the vowel space size would change 
accordingly.  
Design & Methods 
Speakers and Speaking Tasks 
A total of 10 male native speakers of American English from a larger database (Kuo & 
Weismer, 2016) were studied. All speakers were healthy males between the ages of 18 and 31 
from Wisconsin. For the larger database, speakers completed a variety of speaking tasks. For the 
purposes of this study, three tasks, including the “null,” “sentence,” and “reading” tasks were 
examined. In the “null” task, speakers read sentences in a clear-speech style, “as if they were 
talking to someone who has a hearing impairment.” This followed the clear-speech literature for 
eliciting a more “exaggerated” style of speech (Picheny et. al., 1985; Ferguson & Kewely-Port, 
2007). In the “sentence” task, speakers read sentences in habitual speech, the style of speaking 
that is natural and typical for the speaker. In the “reading” task, speakers read a set of passages 
designed for the database of an average length of 317 words. Speakers were instructed to 
perform the task at a comfortable pace and with comfortable vocal volume. 
Acoustic Measures and Analysis 
Acoustic measures included F0 and formant frequency measures. Acoustic measures 
were all obtained using Windows-based acoustic analysis software TF32 (Time-Frequency 
Analysis for 32-Bit Windows) (Milenkovic, 2005). An example analysis window in TF32 is 
shown in Figure 1, which includes analysis panels of waveform (top), pitch trace (middle), and 
spectrogram (bottom). The x-axis indicates time in milliseconds while frequency (Hz) or 
amplitude (dB) is along the y-axis.  
















 F0 trajectories were generated for 20 randomly selected speech runs per speaker, per task. 
A speech run is defined as the span of speech between silences lasting 200 milliseconds or longer 
(i.e., pauses) (Tjaden & Wilding, 2011). Figure 2 illustrates the identification of speech runs. A 
total of 60 speech runs across three tasks were examined per speaker. 





Figure 2 Example of Speech Run Labels 
 
To characterize F0 variation, five F0 measures were derived from the raw data of F0 
trajectories. These included mean F0, Standard Deviation (SD) of F0, F0 Range and F0 
Interquartile Range (IQR), and Run Duration (Run T). All five measures were obtained for the 
unit of speech run. Mean F0 (Hz) was generated by averaging F0 values across all time points for 
a given speech run. SD of F0 (Hz) was the SD value of F0 across all time points for a given 
speech run. F0 Range (Hz) was the difference between the minimum and maximum F0 values 
for a given speech run. F0 IQR (Hz) was the difference between F0 values of the third and first 
quartiles for a given speech run. And finally, Run T (ms) was the total time measured for a given 
speech run. 
 To address potential outliers in F0 trajectories, F0 values that fell below 60 Hz and above 
200 Hz were reexamined and re-measured as needed. This range was selected based on values 
established for male and female productions (e.g., Bradlow et. al., 1996) as well as the ranges of 
F0 observed in speech productions. Specifically, Aithal et. al. (2011) reported that F0 values 
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associated with high pitch production can range from 240 to 634 Hz. Michel (1968) reported that 
F0 values associated with low pitch production, or glottal fry, can range from 30.7 to 43.7 Hz. 
All tokens that were reexamined were included in the analysis. If a token was re-measured, the 
re-measured values were used in the analysis. 
 Measurement reliability for F0 was assessed with inter-experimenter reliability of 10% of 
the number of speech runs measured (i.e, 60 total speech runs). A second trained experimenter 
made the measurements for the reliability test. The selected speech runs were measured for F0 
following the F0 trajectory measures as previously discussed. Measurement reliability was 
evaluated with Pearson product correlation coefficient (r) of the original and the repeated 
measures. Results for each F0 measure are as follows: For mean F0, r=0.954, for SD F0, r= 
0.882, for F0 Range, r= 0.884, for F0 IQR, r= 0.737, and for Run T, r= 0.940. The differences 
between the original measures for analysis and the reliability measures made by the second 
experimented are as follows: For mean F0, 0.46 Hz, for SD F0, 1.73 Hz, for F0 Range, 8 Hz, for 
F0 IQR, 2.53 Hz, for Run T, -28.95 ms. 
Vowel Measures     
The acoustic vowel space was calculated for each speaker and each speaking task to 
index articulation. Following conventions in the literature (e.g., Peterson & Barney, 1952; 
Vorperian and Kent, 2007), the first and second formant (F1 and F2) frequencies of vowels /i/, 
/æ/, /ɑ/, and /u/ were measured and used in the calculation of vowel spaces. Refer to Kuo & 
Weismer (2016) for details of the vowel measures. Briefly, vowel boundaries were identified and 
defined with an onset at the first discernible glottal pulse and offset at the last glottal pulse. 
Acoustic cues such as stop bursts, frication, or voicing energy were also used in the 
establishment of vowel boundaries whenever necessary. Vowel formant frequencies F1 and F2 
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were generated with linear predictive coding (LPC) and visually inspected and hand-corrected as 
needed. Formant frequency values measured at the temporal midpoint of each vowel were used 
in the vowel space calculation and analysis. Figure 3 illustrates this process and shows the onset, 
offset, and temporal midpoint where formant frequencies were obtained. The x-axis indicates 
time in milliseconds while frequency (Hz) or amplitude (dB) is along the y-axis. For the 
purposes of this study, the average of vowel formant frequency values across multiple tokens of 
productions for each task were obtained and used for analysis. Vowel measure reliability was 
reported in Kuo & Weismer (2016). Vowel space calculations followed the formula in Vorperian 
and Kent (2007): Area =0.5 × [(/i/F2 × /æ/Fl + /æ/F2 × /ɑ/F1 + /ɑ/F2 × /u/F1 + /u/F2 × /i/F1)  − 
(/i/F1 × /æ/F2  + /æ/F1 × /ɑ/F2 + /ɑ/F1 × /u/F2 + /u/F1 × /i/F2)] 
 
Figure 3 Example of Formant Measures at Vowel Midpoint 
 
 




In accordance with the methods, F0 data will be presented first, followed by the vowel 
space measures. Descriptive statistics are presented first, followed by exploratory data on the 
potential interactions between F0 and vowel space characteristics. Table 1 summarizes the means 
and standard deviations of the F0 measures for each speaker, pooled across 60 speech runs across 
three speaking tasks. Table 2 presents the F0 measures by task and by speaker.  
Descriptive F0 
The overall mean F0 for speakers in this study is 112.81 Hz (SD= 18.53 Hz). SD F0 is 
16.96 Hz (SD= 7.47 Hz). F0 range is 87.36 Hz (SD= 51.91 Hz). F0 IQR is 20.10 Hz (SD= 10.82 
Hz). Of the 10 speakers 8 were within one standard deviation for mean F0, 10 were within one 
standard deviation for SD F0, 10 were within one standard deviation for F0 range, and 10 were 
within one standard deviation for F0 IQR (Table 1). 
Across speakers the overall mean F0 for the null task was 114.26 Hz (SD= 16.89), the 
sentence task was 110.37 Hz (SD= 19.46), and the reading task was 114.03 Hz (SD= 18.94). SD 
F0 was also comparable across tasks with the null being slightly lower. The SD F0 values were 
15.43 Hz for null, 18.28 Hz for sentence, and 18.97 for read. The average F0 range was 
comparable across tasks with the values being 73.55 Hz for null, 98.88 Hz for sentence, and 
89.64 Hz for reading. Lastly, the F0 IQR was also comparable across tasks with null being 
slightly lower. The F0 IQR values were 18.09 Hz for null, 20.44 Hz for sentence, and 21.89 Hz 
for reading.  
Across speakers mean F0 is variable, with speaker 1 with the highest F0 and speaker 14 
with the lowest F0. Mean F0 is the highest average across measures in all speakers, but speaker 
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17. For each speaker, SD F0 and F0 IQR were fairly comparable. F0 range is the second highest 
value across measures in all speakers, but speaker 17. 
Table 1 Summary of F0 Measures 
 
Speaker Mean F0 (Hz)  SD F0 
(Hz)  
F0 Range (Hz) F0 IQR 
(Hz) 






































































































Footnote: Run T indicates speech run duration. 
The individual speaker data by task and by measure are summarized in table 2. For mean 
F0, the null task was associated with the highest F0 for speakers 1, 14, 16, 18, 19, and 21. The 
sentence task was associated with the lowest F0 for speakers 1, 14, 16, and 18. For SD F0, the 
read task was associated with the highest F0 for speakers 1, 13, 14, 16, and 18. The null task was 
associated with the lowest F0 for speakers 1, 13, 15, 16, 17, 18, 19, and 21. For F0 IQR the 
sentence task is associated with the highest F0 for speakers 13, 25, 17, 19, and 21. The null task 
is associated with the lowest F0 for speakers 13, 15, 16, 18, 19, and 21. And lastly, for F0 range 
the read task is associated with the highest F0 for speakers 1, 13, 14, 16, 18, 19, 20, and 21. The 
null task is associated with the lowest F0 for speakers 1, 13, 15, 17, 18, 19, and 20.
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Vowel Space 
As discussed earlier, vowel space areas were used as an index for articulation. Figure 4 
shows the distribution of overall vowel space area (across tasks) for all ten 10 speakers. Figure 5 
presents each speaker’s vowel space area by task. The average vowel space area across all 
speakers in this study was 321K Hz
2
, as compared to the 291K Hz
2
 average reported in 
Vorperian & Kent, 2007 for adult males 18 and older.  
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F0 Variation and Vowel Space Across Tasks 
 To explore the relationship between F0 variation and vowel space, Pearson r was 
calculated for F0 measures and mean vowel space. The results are as follows: for mean F0, r = 
.01, for F0 SD, r = .01, for F0 Range, r = -.22, for F0 IQR, r = .32. These values suggest no 
strong correlations between F0 and vowel space, specifically for Mean F0 and SD F0. The F0 
Range and F0 IQR demonstrate some relationship with mean vowel space. 
To better understand individual trends, the F0-vowel space relationship was further 
explored with cumulative probability distributions (see Figure 6). As compared to evaluating 
means or standard deviations, cumulative probability distributions provide a comprehensive view 
of data variation. Specifically, the data was arranged in ascending order according to probability 
from 0 to 100%, in which 50% is the median. The more widely distributed the data points the 
greater the range of variation. Figure 6 shows the cumulative probability distributions for mean 
F0 per speaker and by task. Mean F0 is plotted along the x-axis in Hz and the cumulative 
probability along the y-axis. The three tasks are denoted by data point shape. The triangles 
represent the null task, the x’s sentence, and the circles reading. There are 20 tokens per task, 
yielding a total of 60 per speaker. Additionally, the vowel space areas per speaker across task are 
included in the histograms alongside the distributions for reference.  
The figures indicate very different patterns across speakers and across tasks. There is not 
a clear direction of F0 change across task. For instance, many speakers F0 distribution 
overlapped across tasks. Additionally, the null task was the highest in some speakers and the 
lowest in others. Each speaker appears to have a different speaker profile when it comes to 
relative F0 and vowel space characteristics. 
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Figure 6 Mean F0 Cumulative Probability by Task and Speaker 
 




Motivated by the sufficient contrast hypothesis (Diehl et al., 1996), this study sought to 
evaluate whether changes in F0 within-speakers would be accompanied by changes in formant 
frequencies, necessary for maintaining distinction, which was expected to be associated with an 
increased vowel space area.  
The Pearson correlations demonstrate no clear interactions between the F0 measures and 
vowel spaces. This is consistent with findings in Weirich and Simpson (2013). Weirich & 
Simpson predicted that females with higher pitch voices would have corresponding larger vowel 
space size, however their findings did not suggest this. They concluded that the larger vowel 
space size among females is not due to the need for sufficient contrast, but rather a result of other 
factors’ interaction.  
The present findings also suggest high variability among patterns of F0 and vowel space 
interaction. For example, speaker 14 (see Figure 6) presented with the lowest mean F0 and a 
cross-task pattern of variations that resembles the hypothesized F0-vowel space relationship 
based on the sufficient contrast hypothesis. Across task, Speaker 14 had F0 decrease from null to 
sentence to read as well as a decrease in their vowel space from null to sentence to read. 
Speakers 16 and 19 presented with little F0 variation across tasks. Speakers 15 and 17 presented 
with greater F0 variability in the read task, but relatively smaller vowel space areas. Individual 
speaker trends would suggest that the F0-vowel space relationship is likely speaker- and context-
dependent. 
This study addressed task differences, which were unclear for F0, but generally followed 
a consistent pattern for the vowel space. For F0 by task, results showed the null task and reading 
task with both the highest and lowest F0 across speakers. For example, speaker 20 (see Figure 6) 
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produced the lowest mean F0 in the null task, while in speaker 21 produced the highest F0 in the 
null task. Additionally, speaker 18 (see figure 6) produced the lowest mean F0 in the reading 
task, while speaker 17 produced the highest F0 in the reading task. Generally, for the vowel 
space data by task, the null task had the biggest vowel space, while the reading task had the 
smallest vowel space. This was consistent with findings in the clear-speech literature (e.g., 
Ferguson & Kewley-Port, 2002 & 2007) that the clear-speech style is associated with more 
exaggerated formant frequencies and thus an increased vowel space as compared to a habitual 
style. 
 One hypothesized explanation of the variable patterns of F0-vowel space changes across 
tasks may be that when F0 is lower, as in male talkers of this study, there is more acoustic space 
for maintaining contrast. The average F0 value of the speakers in this study was 113Hz. In 
comparison, Diehl et al. (1996) observed a decrease in vowel identification when F0 was 
manipulated above 150Hz. One hypothesized explanation for the current study is that these 
adjustments are not as critical or necessary when the F0s are lower. Therefore, it would be 
important to include a female data set that would have an average mean F0 above 150 Hz to test 
this hypothesized explanation. Thus, the inclusion of female speakers in the future would be 
important for understanding the potential effects of higher F0s on vowel acoustic characteristics. 
 This study has several other limitations. A bigger sample size is needed. The inclusion of 
more speakers could offer more information about how the findings could generalize. It would 
be important to study more people to better understand the extents of individual differences since 
a wide range of variation has been demonstrated in the present study. Another limitation is the 
lack of perceptual components. For example, the inclusion of a perceptual experiment, such as an 
intelligibility or sound discrimination test, could provide additional information. This could also 
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provide a way to make connections between the variables of interactions in F0 and vowel space 
to intelligibility. Additionally, a better understanding of the perceptual outcomes of the different 
acoustic characteristics can potentially provide further knowledge for serving the populations 
with speech disorders with impacted intelligibility. Such knowledge may potentially be applied 
to hearing technology as well. This area of research may offer insights into treatment for 
improving intelligibility and for further enhanced signal processing in hearing technology.  
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Descriptive trend plots by measure and by task. The first set of graphs display group data, while the 
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